Compound semiconductor detectors such as CdTe, CdZnTe, HgI 2 and TlBr are known to exhibit large variations in their charge collection times. This paper considers the effect of such variations on the measurement of induced charge pulses by using resistive feedback charge-sensitive preamplifiers. It is shown that, due to the finite decaytime constant of the preamplifiers, the capacitive decay during the signal readout leads to a variable deficit in the measurement of ballistic signals and a digital pulse processing method is employed to correct for it. The method is experimentally examined by using sampled pulses from a TlBr detector coupled to a charge-sensitive preamplifier with 150 μs of decay-time constant and 20 % improvement in the energy resolution of the detector at 662 keV is achieved. The implications of the capacitive decay on the correction of charge-trapping effect by using depth-sensing technique are also considered.
Introduction
The ballistic deficit effect in radiation spectroscopy systems refers to the incomplete integration of the output signals of radiation detectors, which can deteriorate the performance of systems employing detectors with large variations in the duration of their output signals. This effect primarily stems from the sensitivity of the pulse shaping network to the duration of the detector's pulses [1, 2] but it may also result from the finite time constant of the pulse readout circuit. The latter effect has been also known as pulse-height loss due to the capacitive decay in the pulse readout circuit [3, 4] . The minimization of the ballistic deficit effect in analog shaping networks has been thoroughly studied [1, 2] and solutions such as gated integrator [5] , trapezoidal shaping [6] and pulse-height correction circuits [7] have been proposed to minimize it. With the development of digital spectroscopy systems, the moving window deconvolution method or trapezoidal shaping has been used to reach a trade-off between the ballistic deficit effect, noise, and pulse pile-up in the spectroscopy systems employing germanium detectors, where the series white noise dominates the noise of the systems [8, 9] . The moving window deconvolution method is not only immune to the ballistic deficit effect arising from the pulse shaping process, but also it corrects for the capacitive decay in the signal readout circuit [10] . However, in compound semiconductor detectors, the noise of the system is generally dominated by the parallel noise from the leakage current of the detectors for which the trapezoidal shaping does not exhibit the best noise filtration performance [11, 12] . In such cases, a gated integrator exhibits a better option of pulse shaper [13] [14] [15] but the capacitive decay in the signal readout may still affect the performance of the systems. This effect is particularly acute for detectors such as TlBr in which the charge collection time largely varies, e.g. from 2 to 21 μs in a 1 mm thick detector. In this paper, we have studied the effect of the capacitive decay in the signal readout from compound semiconductor detectors. A digital pulse processing algorithm is employed to minimize the effect of the capacitive decay in the signal readout circuit, as well as, the ballistic deficit effect in the pulse shaper. The effectiveness of the method is examined through simulations and experimental measurements with a TlBr detector. Fig. 1(A) shows the common arrangement for signal readout from compound semiconductor detectors. The detector is generally coupled to a resistive feedback charge-sensitive preamplifier. The signal at the output of the charge-sensitive loop usually has a very long decaytime constant due to the need for a large to minimize its thermal noise contribution. Since a long decay-time constant is not desirable in terms of count rate capability, a clipping network is generally placed before the gain stage to reduce the decay-time constant of the pulses to around hundreds of microseconds. The equivalent circuit of the detector and preamplifier. By assuming a large coupling capacitor, the circuit can be considered to be equivalent to a parallel circuit that converts the detector current into an output voltage pulse.
Pulse-height loss in charge-sensitive preamplifiers
complete detector-preamplifier can be drawn as a simple parallel circuit that converts the detector's output current pulse into an output voltage pulse, as shown in Fig. 1(B) . For a current pulse of amplitude and duration , the peak value of the output voltage pulse is given by
where = is the decay-time constant of the output voltage pulse. In spectroscopy applications, one aims at a true integration of the detector's output current that would give an output pulse proportional to but Eq. (1) only approximates to this value when ≪ . In practice, the capacitive decay in the readout circuit leads to some loss of signal that depends on the duration of the detector's pulses. If the charge collection time largely varies from event to event, the fluctuations in the amount of capacitive decay will degrade the energy resolution of the detector. In compound semiconductor detectors with planar geometry, due to the large difference in the mobility of electrons and holes, the charge collection time varies depending on the interaction location of gammarays in the detector. To evaluate the amount of capacitive decay in the signal readout from compound semiconductor detectors, we have calculated the ratio of the amplitude of the longest pulses (pure hole pulses) to that of the shortest pulses (pure electron pulses) at the output of signal readout circuits of different time constants. The calculations were performed for CdTe and TlBr detectors and excluded the chargetrapping effects. Ignoring the charge-trapping effect, the amplitude of the electron and hole induced current pulses for the deposition of charge in the detector are given by the Ramo's theorem as = ∕ 2 and ℎ = ℎ ∕ 2 , respectively. In these relations, is the mobility of charge carriers, is the detector's thickness, is the applied voltage and the and ℎ subscripts represent electrons and holes, respectively. In the calculations, the typical values of the charge transport parameters and electric field intensity were used: the mobility of charge carriers in CdTe were taken as = 950 (cm 2 V −1 s −1 ) and ℎ = 73 (cm 2 V −1 s −1 ) [16] and the electric field was kept constant at a typical value of 1 kV/cm. For TlBr detectors, the charge transport parameters were = 30 [16] and the electric field was 3 kV/cm. Fig. 2 shows the results of the calculations. The results show that the amount of capacitive decay increases with the charge collection time in the detectors and becomes quite noticeable below 100 μs so that for The electric field inside the CdTe is assumed to be 1 kV/cm and for TlBr detector 3 kV/cm. a 3 mm thick TlBr detector, the capacitive decay in the readout circuit makes the pure hole-pulses ten percent smaller than pure electron-pulses of the same charge.
The pulse processing method
The effect of capacitive decay due to the finite decay-time constant of a preamplifier can be corrected either in analog domain by using a classic pole-zero cancellation circuit or in digital domain by using a digital deconvolution method that converts a decaying pulse into a step-like pulse. There are several deconvolution algorithms available in the literatures, proposed for the purpose of trapezoidal shaping of pulses from germanium detectors [9, 10, 17] . There are also a few algorithms used in conjunction with semi-Gaussian shapers for pulses from germanium detectors [18, 19] , where the semi-Gaussian shapers were implemented by using an iteration of moving average filters applied to the deconvoluted and differentiated preamplifier pulses. We have developed an algorithm that is incorporated into the main pulse shaping algorithms so that the whole pulse processing can be implemented in a single step. By using the equivalent circuit of Fig. 1(B) , the transfer function of the relation between the detector's output current and the output voltage in the z-domain can be written as:
where is the output voltage, is the detector current, is the sampling interval of pulses and is the decay-time constant of the circuit. From Eq. (2), the relation between the input current and the output voltage in the discrete time domain is obtained as:
where [ ] is the sampled output pulse, [ ] is the detector output current pulse and is the sample index. For an ideal case of infinite decay-time constant ( → ∞), the output pulse ∞ [ ] can be obtained as:
By combining Eqs. (3) and (4), the pulse with infinite decay-time constant can be deconvoluted from the measured pulse as: The deconvoluted pulses. The deconvolution corrects for the capacitive decay in the readout circuit and reconstructs the true shape of the induced charge on the detector's electrodes. Fig. 3 shows the effect of the deconvolution process on the simulated pulses from a 1 mm thick TlBr detector. The pulses were simulated for a readout circuit with 100 μs of decay-time constant and for events of the same amount of energy deposition but resulting from interactions at different locations in the crystal. As a result of the deconvolution process, the true amplitude of the pulses is reconstructed and a true ballistic measurement of the total charge can be performed. It is also noticeable that the deconvolution algorithm slightly modifies the time profile of the measured pulses in terms of rise-time and slope so that the original time profile of the induced charge is reconstructed. This may be of importance for the extraction of the charge transport parameters through pulse-shape analysis. In this way, the deconvolution can be viewed as a tool for a clean extraction of the original detector information. By having the -transfer function of the main shaper ( ), thetransfer function of the deconvolution-shaping process ( ) is obtained as product of ( ) and 1 ( ) where 1 ( ) is the -transfer function of the deconvolution process that is extracted from Eq. (5) as:
The ( ) can be then used to derive the recursive form of the deconvolution-shaping process in the discrete time domain. However, the term ( − 1) in the denominator of Eq. (6) leads to a non-zero final value for the shaped pulse, unless this term is canceled out by the ( ). This does not happen for the -transfer functions of -( ) filters reported in Ref. [11] . Therefore, we have used the approach of using the -transfer functions of integrator and differentiators as ( ) = ∕( − ) and = ( − 1)∕( − ) to obtain the -transfer function of -( ) filters. As an example, for a -shaper with a shaping time constant of , the following recursive formula is obtained:
In this relation, [ ] is the shaped pulse, = ∕( + ) and = ∕( + ). Similarly, the deconvolution step is incorporated into other types of -( ) shapers. The inclusion of the deconvolution step is equivalent to the classic analog pole-zero cancellation with a slight difference that an analog pole-zero cancellation needs to be implemented on the differentiation stage of -( ) pulse shapers. Fig. 4 shows the simulated waveforms from a TlBr detector at different stages of pulse shaping, with and without using analog pole-zero cancellation, and by using digitally deconvoluted pulses (see Fig. 3 for input pulses). The top panel of the figure shows that after a differentiator the digital deconvolution and analog pole-zero cancellation produce the same results with no undershoot on the pulses, though the sensitivity of the differentiator to the rise-time of the input pulses produces ballistic deficit effect. The middle panel shows the differentiated pulses after an integration stage. The ballistic deficit effect from the -shaping process persists in all the cases. The ballistic deficit effect decreases by increasing the shaper's time constant but the choice of a long shaping time constant is practically limited by the increase in the parallel noise. A good compromise between the electronic noise and the ballistic deficit effect is achieved by using a gated integrator [5, [12] [13] [14] that first shapes a signal by using a pre-filter such as -( ) filters, in order to improve the signal-to-noise ratio, and then integrates the signal with a pure integrator for an integration period which is set in accordance with the signal's duration, thereby minimizing the ballistic deficit effect. This process is shown in the bottom panel of Fig. 4 . It is apparent that without using an analog pole-zero cancellation or a digital deconvolution, the ballistic deficit effect still persists even with the inclusion of the final integration. By including the final pure integrator with the -transfer function of 2 ( ) = 1∕(1 − −1 ), for a -prefilter, the whole pulse processing can be expressed by the following algorithm:
In our approach, a digital -( ) 4 shaper was used as a pre-filter. The sampled trace of each pulse is chosen to be longer than the duration of the result of the convolution of pulses of the maximum rise-time and the impulse response of the filter. Then, the maximum value in the trace of the shaped pulse represents a true measurement of the ballistic signals.
Experimental results
The effect of the deconvolution process on the energy resolution was examined with an experimental setup consisting of a 1 mm thick planar TlBr detector, grown by the traveling molten zone method [20] . The detector is equipped with Tl electrodes to mitigate the polarization effect. The performance of this detector is slightly different to the detector used in Ref. [13] . The detector is coupled to a chargesensitive preamplifier and is operated with 300 V bias voltage at room temperature. The measurements were taken with a 137 Cs gamma-ray source. The maximum and minimum durations of preamplifier pulses are approximately 2 μs and 21.2 μs for electron and hole pulses, respectively. The preamplifier output pulses are directly digitized eventby-event by means of a fast waveform digitizer with a sampling rate of 250 MS/s and 10-bit resolution. Each pulse is recorded for 40 μs which is sufficiently long compared to the maximum duration of pulses (21.2 μs) and includes 3 μs of the signal's baseline. The pulses are stored to a hard disk drive for offline analysis by using a program written in MATLAB language. In the analysis, first the sampled pulses were corrected for any offset in their baseline. Then, the decay-time constant of the pulses was determined from a least square fit of the decaying part of the pulses. This was done for hundred pulses whose amplitudes were approximately above the Compton edge in the energy spectrum (in order to reduce the effect of electronic noise) and a distribution was obtained for the decaytime constant. The distribution is mainly due to the electronic noise and the finite number of signals' samples used for the fit. The centroid of the distribution was determined to be = 145.88 μs and this value was used in the deconvolution algorithm. The shaping time constant of the semiGaussian pre-filter was 0.25 μs. Before and after the final integration, the baseline of each pulse was corrected by subtracting the average of pulse samples before the trigger from the whole waveform (3 μs time window). Fig. 5 shows a comparison of the pulse-height spectra obtained integrator. The ballistic deficit is present in all the cases. (Bottom) The pulses after a pure integrator. This digital filter mimics an analog gated integrator with a -pre-filter. Without using an analog pole-zero cancellation or a digital deconvolution process, even with the final integration, the ballistic deficit effect persists.
with and without including the deconvolution stage. The relative energy resolutions of the full energy peaks were estimated by fitting double Gaussian functions to the main and escape peaks as shown in Fig. 6 . The relative energy resolution of the full energy peak improves from 7.25 ± 0.34% to 5.79 ± 0.20% by including the deconvolution stage.
Another major source of degradation in the energy resolution of compound semiconductor detectors is the charge-trapping effect. The charge-trapping effect is mainly due to the poor charge transport properties of holes which lead to a significant loss of charges during transit to the cathode. Gamma-ray interactions at different locations in the detector lead to variable hole's transit times, in turn causing the induced charge to depend on the depth of interaction in the detector [13, 14] . Therefore, the charge-trapping effect, like capacitive decay in the readout circuit and the ballistic deficit effect in pulse shaper, is a systematic effect that depends on the depth of interaction in the detector. The charge-trapping effect can be corrected by using a depth-sensing technique that compares the amplitudes of the pulses after the pre-filter and after the final integration [13, 14] . Fig. 7 shows the scatter plots of the amplitudes of TlBr detector's pulses after the final integration against a depth parameter that is the ratio of the amplitude of the pulses before and after the final integration. The results are shown for the two cases of with and without the inclusion of the deconvolution step. It is seen that, without the inclusion of the deconvolution step, a steeper pulse deficit with the depth parameter happens. However, when the linear functions were used to correct for the pulse deficit with the depth parameter, almost the same results were obtained (4.6 ± 0.28% with deconvolution and 4.8 ± 0.31% without deconvolution).
Summary and conclusion
Compound semiconductor detectors such as CdTe and TlBr are of great interest for applications such as radiation monitoring, medical and industrial imaging, and nuclear security due to their high quantum efficiency and capability of operation at room temperature. However, these detectors suffer from slow and variable charge collection times. We have shown that, due to the finite decay-time constant of signal readout circuits, the large variations in the charge collection time in Fig. 6 . The details of the comparison of the energy resolutions obtained with and without including the deconvolution stage. Next to each full-energy peak, there is an escape peak due to Tl X-rays. A double Gaussian function was fit to the main and escape peaks of each spectrum to determine the energy resolutions. Fig. 7 . The effect of the deconvolution process on the improvement of energy resolution through the depth sensing technique. Without including the deconvolution process, a steeper deficit in the amplitude of the pulses with the depth parameter happens, as reflected in the linear fits. However, when the linear functions were used to correct for the pulse deficits, almost the same results were obtained. compound semiconductor detectors can considerably affect the true measurement of detectors ballistic signals, e.g. for a 3 mm thick TlBr detector and a typical decay-time constant of 100 μs, it is expected that the amplitude of pure hole pulses is ten percent smaller than that for pure electron pulses of the same charge. This effect increases with the thickness of detectors, and thus, the development of thick, high efficiency detectors for applications involving energetic -rays, requires correcting for this effect. A digital deconvolution algorithm incorporable to the main pulse shaping algorithm was proposed to correct for this effect and its performance was demonstrated by using sampled pulses from a 1 mm thick TlBr detector connected to a preamplifier with 150 μs decay-time constant. The deconvolution process also produces a true reconstruction of the time profile of detector charge pulses which is of importance for the characterization of these detectors through pulseshape analysis.
